Abstract-In the future power system with high penetration of renewables, renewable energy is expected to undertake part of the responsibility for frequency regulation, just as the conventional generators. Wind power and battery storage are complementary in accuracy and durability when providing frequency regulation. Therefore, it would be profitable to combine wind power and battery storage as a physically connected entity or a virtual power plant to provide both energy and frequency regulation in the markets. This paper proposes a real-time cooperation scheme to exploit their complementary characteristics and an optimal bidding strategy for them in joint energy and regulation markets, considering battery cycle life. The proposed cooperation scheme is adopted in a real-time battery operating simulation and then incorporated into the optimal bidding model. The scheme could improve the wind regulation performance score and allow for more regulation bids without affecting the battery life, thus significantly increasing the overall revenue. The validity of the proposed scheme and strategy are proved by the case study.
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I. INTRODUCTION

I
N the low-carbon future, a challenge in the frequency regulation of power systems will arise with the increasing penetration of intermittent renewable energy. Because conventional generators, such as the thermal units, are gradually being replaced by emerging technologies such as wind power and energy storage, these technologies are expected to undertake the responsibility of providing frequency regulation for the system.
Wind power has been demonstrated to be capable of providing frequency regulation, including inertial [1] - [3] , primary [4] , [5] and secondary frequency regulation [6] - [8] , through pitch angle and rotor speed controls [9] - [11] , without increasing its fatigue loads [6] . In many regions around the world, wind farms are being implemented to provide secondary frequency regulation following automatic generation control (AGC) signals. The benefits of frequency response support from wind farms are assessed in [12] . Because wind turbines must operate at a suboptimal level to reserve power for regulation, it is necessary to make economic trade-offs between revenues from energy and regulation markets [13] , [14] . Market payments of regulation resources are proportional to the regulation accuracy, usually in terms of a performance score, which is a great concern for wind power because its accuracy is influenced by the turbulence of wind fields and the adequacy of reserved wind power [6] ; thus, the performance score is not as reliable as more flexible resources such as gas turbines and battery storage.
Battery storage is well known to be able to ramp much more rapidly and respond faster to AGC commands with better performance compared to conventional generators. Currently, providing regulation is one of the most profitable applications for battery storage [15] . Some existing studies developed control strategies for battery storage to provide frequency regulation [16] - [18] . However, the critical fact that frequent charge-discharge cycling in providing regulation may accelerate degradation and shorten battery life is not considered in those studies. Some studies did discuss battery life model, but only applied it in the ex-post economic assessment [19] - [22] , and thus did not fully unfold the impact of battery degradation on the scheduling decision and the consequent economics of battery storage. According to [23] , which embedded battery life in an ex-ante optimal bidding framework and revealed the tradeoff between the short-term market revenues and the battery life, it is rarely economical to sacrifice battery life for more regulation revenues, given current levels of market prices. Therefore, the degradation problem is a major barrier for battery storage to further increase its regulation revenues and economic viability.
In the application of secondary frequency regulation, wind power and battery storage apparently exhibit complementary characteristics in accuracy and durability: a) battery storage is accurate, whereas the accuracy of wind power is comparatively low; b) the impact on fatigue loads of wind turbines is negligible, whereas the life of battery storage is significantly affected. Intuitively, the cooperation of wind power and battery storage (W&B Co.) in providing frequency regulation could facilitate both of them and bring extra economic benefits by taking advantage of the complementary characteristics. This cooperation scheme could be realized by physical connection or by forming a virtual power plant to bid in the markets. Previous studies have researched the capability of a wind-battery hybrid system to provide frequency regulation, although the potential benefit of cooperation regarding the accuracy of wind power and battery cycle life and the joint bidding strategy in power markets have not been discussed. In [24] , energy storage is applied to enhance the inertia response of the wind-battery system with a coordinated control strategy. In [25] , a fuzzylogic-based controller is designed to improve the primary frequency response of the wind-battery system. In [26] , a state of charge (SOC) feedback control strategy for a wind-battery hybrid system is proposed to avoid high depth of discharge (DOD) in providing frequency regulation.
To better exploit the complementary characteristics of wind power and battery storage, and improve their economic viability, an appropriate cooperation scheme and joint bidding strategy are essential. This paper contributes to the existing literature as follows:
1) A cooperation scheme that employs wind power to track the regulation signal in priority, and battery storage to compensate for insufficient and inaccurate power is proposed for the purpose of preserving battery cycle life and exploiting the accurate ramping capability of battery storage.
2) The simulation model of the real-time battery operation with the proposed cooperation scheme is formulated, which calculates the cycle number and energy change of battery over the whole simulation period. 3) An optimal bidding model for wind power and battery storage in joint energy and regulation markets that implements the proposed real-time cooperation scheme and the battery life-preserving constraint by incorporating the battery cycle number and energy change functions derived from the real-time battery operation simulation is developed and formulated. This paper is organized as follows. Section II introduces the market framework. Section III presents the cooperation scheme of wind power and battery storage to provide frequency regulation. Section IV formulates the optimal bidding model. The case study results including the extra benefit of cooperation are discussed in Section V. Section VI draws the conclusions.
II. MARKET FRAMEWORK
Without loss of generality, common settings of power market mechanisms are implemented in this paper, including energy and regulation markets [23] , [27] , [28] . We assume that wind power and battery storage simultaneously bid in the day-ahead energy and regulation markets and submit energy base points in real time. Considering their relatively small capacities, they are reasonably assumed to be price-takers. Multi-scenario settings are established to consider price uncertainty. As price-takers, wind power and battery storage optimally allocate their resources in the energy and regulation markets based on price and wind forecast to maximize the expected total profit while ensuring that all operational constraints are satisfied.
A. Performance-Based Regulation
Frequency regulation is a necessary type of ancillary service to compensate area control error (ACE) and maintain frequency stability for power system operation. To provide frequency regulation service, resources have to offer its capacity in the dayahead regulation markets and then track the regulation signal from system operator in real-time operation. Resources receive regulation payments to recover their cost after they realize the commitment.
Federal Energy Regulatory Commission (FERC) Order 755 requires market operators to develop pay-for-performance protocols and tariffs, which compensate regulation providers according to their actual performance. The performance-based regulation mechanism is implemented in the model, typically referenced from the PJM. Regulation resources receive a two-part payment that consists of a capability payment and a performance payment, calculated based on the regulation market capability clearing price, π cap , and the regulation market performance clearing price, π perf , respectively, as follows [29] :
where b reg is the committed regulation capacity; The performance score, K perf , reflects the accuracy of a regulation resource's response to the regulation signal. In PJM, performance scores are calculated as the hourly average of a weighted sum of three different metrics, the precision score, the correlation score, and the delay score [30] . Mileage is usually defined as the absolute summation of movement requested by the regulation control signal a resource is following [31] . The mileage ratio R is the ratio between the requested mileages of one regulation signal to that of a referenced traditional regulation signal (RegA). In PJM, a dynamic regulation signal (RegD) has been added as a supplement to RegA, with a mileage ratio of approximately 3. The regulation signals are usually updated every 2 or 4 s.
B. Real-Time Energy Settlement
Day-ahead markets are usually cleared and settled for each hour of the next day. In real time, however, wind energy adequacy could have large intra-hour fluctuations. The regulation performance of wind power is evaluated based on the energy base point. If the energy base point of wind power is constant within 1 h, the regulation capability of wind power will be limited by the least available wind energy within the hour, or the regulation performance score-to which the regulation payment is proportional-will largely decrease because of insufficient wind energy during some periods. Consequently, the potential of wind power providing regulation service will be wasted, and the profitability in regulation markets will be limited. To facilitate wind power to provide regulation service, it is reasonable to assume that the real-time energy base point of wind power is submitted and determined on a timescale Δτ smaller than the day-ahead 1-hour timescale Δt-e.g., 10 minutes. Because wind power and battery storage are price-takers, the submitted base points will be accepted in usual.
In practice, different rules are adopted by different market operators to settle real-time deviations. In this paper, the deviations between the day-ahead energy bids, b da t , and real-time energy base points, b rt t , are assumed to be penalized at a certain proportion, ρ, of the day-ahead market clearing prices, π da t , as expressed in (3), similar to the settings in Spain.
The model and conclusions of this paper also apply to the market setting with real-time prices and the penalty may reflect the risk associated with real-time price volatility to some extent.
III. COOPERATION SCHEME FOR WIND POWER AND BATTERY PROVIDING FREQUENCY REGULATION
A. Wind Providing Frequency Regulation
Currently wind turbines are commonly capable of providing active power control services and tracking AGC commands from the system operator, usually through pitch angle control and rotor speed control.
The regulation performance of a wind turbine depends on the turbulence of the wind fields and the adequacy of wind power reserved for regulation [6] . Less turbulent wind and more adequate reserved power both produce higher performance scores. The simulation results presented in [6] show that wind turbines can achieve a performance score in a range of approximately 0.7 to 0.8 when tracking the fast RegD, if the reserved power is just enough to supply the regulation capacity. The incentives for wind power to ensure a high performance score are clear, as it will directly contribute to the regulation revenues.
The provision of regulation services requires an energy base point lower than the maximum available power of wind turbines, which results in a beneficial effect on the fatigue loads of wind turbine structural components. Fatigue analysis concludes that responding to the fast regulation signal does not increase the fatigue of the wind turbine [6] .
B. Battery Cycle Life
As is well-known, batteries are capable of ramping very rapidly. Only seconds or even milliseconds are required for a battery to ramp from zero power output to full capacity. Therefore, battery storage can respond to regulation signals with high performance. However, the frequent charge-discharge cycling of batteries when providing frequency regulation incurs a significant extra cost because it accelerates depreciation and shortens the life of the battery [23] . Thus, it is necessary to consider the battery life in frequency regulation application.
A battery's service life is determined by its cycle life, T cycle , or float life, T float , whichever is shorter [32] . The battery cycle life is dependent on the cycling behavior and can be derived as:
where
is the maximum number of charge-discharge cycles at a specific DOD before the failure of the battery, n day d is the number of daily cycles at the DOD, and Q denotes the annual number of battery operating days. The battery float life is related to the normal corrosion processes and can be regarded as a constant. The impact of temperature on battery life is assumed to be already considered and beyond the focus of this paper.
For any type of battery, with the same loss of cycle life, the equivalent 100%-DOD cycle number of cycles at DOD d can be derived as [23] :
where k p is a constant typically ranging from 0.8 to 2.1 and can be fitted based on detailed experimental data provided by battery manufacturers in practice. The DODs of cycles could be calculated based on the energy changing curve of battery storage, similar to the rainflow counting method [33] . Because a battery completes a half cycle between every two adjacent local extreme point on the curve, each half cycle can be identified after picking out each local extreme points. The energy level of an extreme point, E m i , corresponds to the energy level at the end of the ith half cycle, and the DOD of each half cycle, d
half i
, can be calculated as [23] :
According to (5) and (4), a battery's equivalent 100%-DOD cycle number during time τ and the cycle life can be derived as (7) and (8), respectively.
Given the current market prices and parameters of battery life and cost, it is uneconomical to consume battery cycle numbers too rapidly for more short-term regulation revenues [23] . Thus, a marginal daily equivalent 100%-DOD cycle number, N m , could be implemented as a constraint in the optimal bidding and operating decisions to maintain the battery life, as:
C. Cooperation Scheme of Wind Power and Battery
When providing frequency regulation, wind power can relieve its fatigue but is deficient in terms of accuracy, whereas battery storage exhibits high performance but assumes the risk of aging acceleration. Thus, wind power and battery storage are highly complementary in this application. An appropriate cooperation scheme could bring remarkable economic benefits and is proposed in the following. A brief coordinated operation scheme for wind and battery storage providing energy and regulation service to the system simultaneously is depicted in Fig. 1 .
For the energy part, as introduced in Section II-C, the aggregate real-time energy base points of the wind power and battery, b For the regulation part, resources should respond when the regulation signal, P reg k , is updated at time k within time period τ . Considering the respective merits of wind power and battery 
This cooperation scheme both frees the battery from frequent deep cycling and guarantees the regulation performance. The profits of wind power and battery storage could be significantly improved by the implementation of the cooperation scheme, because more regulation capacities could be supplied with no harm to the battery life and a higher performance score could be achieved compared to the independent operation of battery and wind power, respectively.
D. Real-Time Battery Operation Simulation
The real-time battery operation simulation model with the proposed cooperation scheme is presented as Eqs. (10) to (17) . The main purpose of the simulation is to calculate the energy change and equivalent cycle number consumption under various operating conditions including the battery base point, the reserved wind power for regulation, the committed regulation capacity, and the regulation signals, and then extract their relations. To this end, the energy change and the equivalent 100%-DOD cycle number during time τ , denoted by ΔE τ and n all serve as the inputs. The SOC changing process of battery storage is formulated in (11)- (14) . E k , the SOC at time k, depends on the SOC at time k − 1 and the energy change during time k as expressed in (11) .
α is the self-discharge rate of the battery. ΔE k accounts for the amount of energy change in the battery including the loss, and is determined by the discharging power, S d k , and charging power, S c k , and efficiency, η, as in (12) .
The discharging and charging power of battery storage both consist of an energy base point part and a regulation part, as in (13) and (14) . The energy part is an input variable of the simulation, determined by the aggregate bid of wind power and battery storage in energy markets, while the regulation response of battery, S reg k , that compensates for the insufficient and inaccurate wind power is expressed in (10) and depends on the reserved wind power for regulation, the committed regulation capacity, and the regulation signals.
The total energy change during time τ , one of the output variables, is the aggregation of the energy changes in the time subintervals and can be expressed as a function of W 
As introduced in Section III-B, all ΔE τ during time τ depict the energy changing curve of battery storage, based on which local extreme points and corresponding half cycles can be identified. The energy level of an extreme point, E m i , is then used to calculate the DOD of each half cycle d half i , as in (16) .
Based on the battery cycle life model introduced in Section III-B, the equivalent 100%-DOD cycle number during time τ can be calculated and expressed as a function of W 
Both the cycle number and the energy change functions, G and L, can be derived from the simulation results using fitting techniques.
IV. OPTIMAL BIDDING MODEL
In this section, the model of wind power and battery bidding in the joint energy and regulation markets is presented in detail. 
A. Objective Function
The bidding model is an income-maximizing problem. The daily total income, Income day , is equal to the sum of the revenues from each market minus the penalties, as expressed in (18) . The variable operational cost of battery storage is minor because it is very low (usually 0.5 $/MWh [34] ) compared to market revenues, and thus ignored. To consider the uncertainties of market prices and available wind power, we generate some scenarios based on historical price and wind data and optimize the expected daily income. Real-time decisions are respectively made for each scenario, whereas day-ahead decisions are unique. 
The day-ahead energy income is determined by the day-ahead energy bid and price, as:
The deviation between the day-ahead energy bid and real-time energy base point is settled and penalized, as:
The regulation income consists of two parts, the capability payment and the performance payment, as:
B. Constraints
Eqs. (23) to (35) model the operational constraints of wind power and battery storage.
1) Capacity Constraints:
The following capacity constraints model the power balance and capacity limits of wind and battery storage regarding market requirements, physical constraints and regulation accuracy consideration.
The sum of the wind and battery energy base points should be equal to the submitted aggregate energy base point, as:
The energy base point of wind power plus the reserved wind power for regulation up or down should be no more than the maximum available wind power or no less than zero, as:
For per-unit committed capacity in the regulation market, wind power and battery should hold the capacity of half unit for both regulation up and down, as expressed in (26) and (27) . (27) Considering the ramping constraints of the wind power, the maximum wind power capacity qualified for regulation up or down is equal to a fraction, κ, of the rated capacity, as:
The sum of the energy base point and the regulation capacity of the battery must be kept within its power capacity limits, as: (29) To guarantee the regulation accuracy, the reserved power capacity of the battery for regulation up and down should be larger than a fraction, σ, of the committed regulation-up and regulation-down capacity, respectively, as:
2) SOC Constraints: The SOC constraints model the SOC balance and energy limits of battery storage regarding market requirements and physical constraints.
For each scenario s, E s,τ , the battery SOC at time τ , depends on the SOC at time τ − 1 and the energy change during time τ , as:
The battery must keep its SOC within its energy capacity limits and hold enough energy for each time interval to provide regulation in response to the system operator's order, as expressed in (32) and (33).
The initial and final SOC are set to be equal during the optimization period, as described in (34) . t m represents the end of the day.
3) Battery Life-Preserving Constraints: According to the results in [23] , which studies the independent participation of battery storage in energy, reserve, and regulation markets incorporating battery life in the optimal bidding strategy, to sacrifice battery life for more regulation revenues is not economical, given current levels of market prices. To keep the battery cycle life no shorter than the battery float life, which limits the Fig. 2 . Average generated hourly prices in energy and regulation markets and available wind power for the sample day. daily revenues but increases the life-cycle revenues, the daily equivalent cycle number of the battery should be constrained, as:
We used MATLAB and GAMS to simulate the real-time operation and solve the bidding model.
A. Basic Data
We used historical market data in 2014 from PJM to generate price scenarios and historical wind power data in 2006 of a 200-MW wind farm numbered 7791 from NREL Eastern Wind Dataset to generate wind scenarios, implementing common scenario generating techniques. It is reasonably assumed that the prices are independent of the available wind power because the wind farm has a relatively small capacity and is considered to be a price-taker. The average mileage ratio of RegD is 2.92. The deviation penalty ratio, ρ, is set to 0.1. Fig. 2 shows the hourly prices in energy and regulation markets and the available wind power, averaged over all generated scenarios for a sample day. The ratio of the qualified wind capacity for regulation to the rated capacity, κ, is set at 30%.
A 30-MW, 1-h vanadium flow battery is considered in the base case. k p is fitted to 0.85, based on the cycle life data of the vanadium flow battery from [35] . The values of the battery parameters are summarized in Table I .
The RegD signal data of PJM in April 2015 are employed for the real-time battery operation simulation. The wind control error, ε k , is assumed to be Gaussian with an expected value of 0.15 normalized by the average regulation signal level. In fact, the particular distribution of ε k does not change the qualitative behavior of the simulation or the optimization results. Based on the results averaged over all simulated time intervals of Δτ , both the cycle number and energy change functions are fitted with R 2 > 0.99. The equivalent cycle numbers calculated from the fitted functions with various inputs are presented in Fig. 3 as an example, in comparison with the original simulation results. All inputs are normalized by the rated power of the battery. It can be observed from Fig. 3 that more reserved wind power for regulation usually enables fewer battery cycles providing the same regulation services, as it reduces the insufficient power that battery storage has to compensate for. This is consistent with the purpose of the design in the cooperation scheme that employs wind power to track the regulation signal in priority. Moreover, the marginal effect of battery life preservation is decreasing as the reserved wind power for regulation increases and reaches zero when battery storage only compensates for the control error of wind power.
The cases of independent bidding and operation of wind power and battery storage in energy and regulation markets are also simulated to be compared with the cooperation case. The models for independent operation are similar to the cooperation model. For the wind power, the bidding model includes (18) to (28) , with all battery variables set to zero. For the battery, the bidding model includes (18) to (23), (26) to (27) , and (29) to (35) , with all wind power variables set to zero. The performance score is assumed to be 0.95 for the W&B Co. and the independent operation of a battery considering the rapid ramping capability of the battery; it is 0.8 for the independent operation of the wind farm. To guarantee high accuracy, the reserved power capacity of the battery for regulation is set to be no less than 20% of the total committed regulation capacity. Fig. 4 shows the optimal bidding strategy of the wind power and battery in a sample day. The blue, gray and orange bars represent the real-time wind and battery energy base points and reserved wind power for regulation, respectively. The bar length denotes the amount of capacity. The green and yellow curves represent the day-ahead energy bids and regulation-up capacities, respectively, whereas the purple curve represents the real-time maximum available wind power. The presented realtime results correspond to a specific real-time scenario. It can be observed from Fig. 4 that the real-time wind energy base points fluctuate as the available wind power changes, which results in deviations between the day-ahead and real-time set points and corresponding penalties but necessarily enables more regulation capacities to be committed and fulfilled. It can also be concluded that, given the current market prices, wind farm providing regulation services is economical even at the cost of energy and deviation penalties, because it reserves considerable power most of the day in the optimal bidding strategy after making trade-offs between energy and regulation revenues. The energy base points of battery are sometimes negative in order to recover the energy loss in compensating for the insufficient and inaccurate wind power.
B. Results and Comparisons
The regulation-up capacities provided by the battery between the cooperation case and the independent case are compared in Fig. 5 . In the cooperation case, the battery regulation-up capacities are calculated by subtracting the reserved wind power capacities for regulation up from the total committed capacities. Because the wind power is employed for tracking the regulation signal in priority and the regulation commands do not usually require regulation resources to ramp to the highest or lowest committed power level-in fact, more than half of the absolute normalized levels of RegD are below 0.2 in statistics-the battery only have to offset the control error of the wind power most of the time, which only accounts for a small ratio of the total regulation command. Therefore, the battery would be required to take significantly fewer and shallower cycles in the cooperation case compared to the independent case, given the same regulation capacities. In other words, the battery is enabled to provide more regulation capacities taking the same equivalent 100%-DOD cycles, just as observed in Fig. 5 . Table II compares the income and hourly regulation bid results of the W&B Co. case with that of the independent operation cases. The results indicate that the cooperation could bring significant extra income, mainly from the regulation markets, accounting for approximately 12% of the total income of the W&B Co. When we evaluate the economics of a battery storage project to an existing wind farm, it is reasonable to attach the extra income to the value of the battery. From this perspective, the income of the battery will be improved by 32%, in comparison to its independent operation, which would lead to a much more promising cost-benefit result for the battery. The extra regulation income is brought by the remarkably increased total regulation bids and the improved regulation performance score through cooperation.
To further validate the benefit of cooperation in different levels of market prices and wind power adequacy, simulations over 1 year have been conducted, and the extra daily incomes are presented in Fig. 6 . The days are in order of descending ratio of the extra income to the battery income in the independent case. The incomes are proportional to the market prices, and the more abundant wind power, the more available wind capacities to be reserved for regulation. So it is reasonable that the extra daily income is fluctuating, and that both extreme high and low incomes appear over the year. The aggregate incomes over one year are summarized in Table III . The annual extra income is also remarkable, accounting for 9% of the total income of the W&B Co. and 30% of the income of the battery, respectively.
To study the sensitivity of the extra benefit to the regulation market prices, cases with the same energy market prices but different regulation market prices are examined. The results in Fig. 7 show that the extra benefit increases as the regulation market compensation increases. Even if the regulation market prices are comparatively low, e.g. 60%, the extra benefits are still remarkable, accounting for over 8% of the total income of the W&B Co. and over 27% of the battery income. Not surprisingly, if the regulation market prices are too low, e.g. below 40%, the extra benefits are not significant. However, this situation is not likely to happen because the regulation market compensations usually include resources' opportunity cost in energy markets, and the regulation market prices should be comparable to the energy market prices. The results above illustrate that the proposed cooperation scheme can provide significant extra economic benefits for the wind power and battery in many cases, taking advantage of their complementary characteristics in accuracy and durability when providing frequency regulation.
VI. CONCLUSION
This paper proposes a cooperation scheme for wind power and battery storage providing frequency regulation, aimed at improving wind regulation performance and allowing the battery to facilitate more regulation capacities with no additional harm to its life. The increased wind regulation performance score, enabled by the battery, and the battery life preserving effect from the wind power will bring considerable extra economic benefits, as suggested by both the daily and annual numerical case study results. The extra benefits depend on many factors such as wind power adequacy and market prices, as illustrated in the results. The control error of wind power has a strong tie to the turbulence of the wind fields, which thereby determines the regulation accuracy gap to be filled by battery storage, one of the two major sources of extra benefit. Moreover, since battery life preserving effect is the other major benefit source, the extra benefit also varies among different types of battery technology with different battery life parameters. The operation simulation and bidding models formulated in this paper can help not only determine the optimal bidding and cooperating strategies of wind power and battery storage, but also quantify the impacts of those factors on the economic benefits of the cooperation.
Although the regulation performance score is assumed to be high and constant in this paper, guaranteed by battery storage, the performance score could be sacrificed to preserve battery life, if it is profitable. The forecasting error and volatility level of wind power may also influence the cooperation benefit. Besides, the siting, sizing, and type selecting of battery storage in cooperation with wind power to gain the maximum economic benefits can be a great concern of battery investors. These are interesting directions for future study.
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